Multiple genome-wide association studies of schizophrenia have implicated genetic variants within the gene encoding microRNA-137. As risk variants within or regulated by MIR137 have been implicated in memory performance, we investigated the additive effects of schizophrenia-associated risk variants in genes empirically regulated by MIR137 on brain regions associated with memory function. A polygenic risk score (PRS) was calculated (at a p = 0.05 threshold), using this empirically regulated MIR137 gene set, to investigate associations between this PRS and structural brain measures. These measures included total brain volume, cortical thickness, cortical surface area, and hippocampal volume, in a sample of 216 individuals consisting of healthy participants (n = 171) and patients with psychosis (n = 45). We did not observe a significant association between MIR137 PRS and these cortical thickness, surface area or hippocampal volume measures linked to memory function; a significant association between increasing PRS and decreasing total brain volume, independent of diagnosis status (R 2 = 0.008, Beta = −0.09, p = 0.029), was observed. This did not survive correction for multiple testing. In conclusion, our study yielded only suggestive evidence that risk variants interacting with MIR137 impacts on cortical structure.
| INTRODUCTION
Genome-wide association studies (GWAS) of schizophrenia (SZ) have so far identified 108 regions of DNA encompassing ∼350 genes. A strongly polygenic model of SZ, where the overall influence of many genes of small effect combine to increase an individual's predisposition to SZ has been robustly supported (Purcell et al., 2009) . No one "schizophrenia gene" of large effect has been identified, with the number of genes associated with the disorder increasing as GWAS sample size increases. This interplay of SZ risk genes is important to study, given the polygenic nature of the disorder. To characterize the phenotypic effects of multiple risk variants we and others have used polygenic risk scores calculated for gene sets based on either their involvement in a known biological pathway , or based on evidence of their being regulated by target risk genes, for example, ZNF804A (Nicodemus et al., 2014) ; MIR137 (Cosgrove et al., 2017) . In these studies, similar effects on cognitive function have been observed by studying either the risk variant individually or the gene network with which it interacts, although the network based analysis can sometimes explain a slightly higher percentage of variation (Cosgrove et al., 2017) .
Genetic variants within the gene for microRNA 137 have been among the most significant findings in multiple GWAS ; Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014; The Schizophrenia Psychiatric GWAS Consortium, 2011). In the 2011 PGC GWAS, the SNP rs1702294 was the strongest new finding; and in 2014, rs1625579 was the third most highly SZassociated SNP, both sited in the region of MIR137 (r 2 = 0.99 with rs1702294). Evidence also suggests that MIR137 may not uniquely be associated with SZ (Hamshere et al., 2013) . There is a strong genetic overlap between SZ and bipolar disorder (Cross-Disorder Group of the Psychiatric Genomics et al., 2013; Moskvina et al., 2008) , even leading to some questions about the diagnostic boundaries between these disorders (Lichtenstein et al., 2009) . In silico and in vitro studies looking at the downstream effects of microRNA-137 have predicted or shown it to impact on the regulation of other genes linked to psychosis (Collins et al., 2014; Hill et al., 2014; Wright, Turner, Calhoun, & PerroneBizzozero, 2013) . In a study performed to characterize the regulatory effects of miR-137, under-expression of miR-137 led to a general upregulation of many genes, with the opposite shown in overexpression (Olde Loohuis et al., 2017) . Risk alleles of four SZassociated SNPs in the region of MIR137 (rs1198588, rs1625579, rs2660304, and rs2802535) have been associated with downregulation of miR-137, specific to neuronal cells (Siegert et al., 2015) .
MicroRNAs are responsible for the post-translational modification of RNA, altering the quantity of the gene products produced, which has implications for cell function (Yin et al., 2014) . MIR137
functions as a "fine-tuning" agent for synaptic pruning and dendritic arborization in neural cells and has been associated with, in addition to SZ, altered cognitive function (Cummings et al., 2013; Green et al., 2013; Kuswanto et al., 2015) . Patients with SZ experience symptoms of cognitive dysfunction, which have been identified as being one of the largest obstacles to improving SZ patients' functional outcome (Green, Llerena, & Kern, 2015) . MIR137 regulates processes that are potentially involved with cognitive dysfunction, in part by acting as a hippocampal gene network node, co-ordinating the expression of genes relating to nervous system function and development (Olde Loohuis et al., 2017) . The risk alleles of each of the rs1702294 (C) and rs1625579 (T) SNPs have been linked to poorer scores on neuropsychological tests of memory performance (Cosgrove et al., 2017; Cummings et al., 2013) . Furthermore, we previously observed an association between a MIR137 PRS and memory scores, and between MIR137 PRS and altered neural connectivity during performance of a fMRI working memory task (Cosgrove et al., 2017) . There are conflicting reports of the effect of the rs1625579 SNP on brain volume (Cousijn et al., 2014; Lett et al., 2013; Patel et al., 2015; Rose et al., 2014) (Rose et al., 2012) . All patients (n = 45) were chronic, but stable, medicated outpatients, with a confirmed a DSM-IV diagnosis. Demographic and other additional information is presented in Table 1 .
| Magnetic resonance imaging (MRI)
Structural MRI sequences were acquired on a Philips Intera Achieva 3T
MR system, with whole-brain imaging consisting of a T1-weighted image (180 slices; duration 6 min) using a TFE gradient echo pulse sequence, with a slice thickness of 0.9 mm, and 230 × 230 FOV.
| FreeSurfer MRI processing
Structural MRI images were reconstructed into a three dimensional model of the cortical thickness measurements using FreeSurfer v5.3 which allows for cortical thickness and surface area measurements at numerous locations (vertices) across the surface . Processed images were prepared for analysis using the ENIGMA protocol. Briefly, the automated -recon-all function was performed on each scan. Each image underwent motion correction, intensity normalization, transformation to Talairach space and skull stripping. Mathematical outliers were detected by using R software as per the ENIGMA protocol. In addition to this, each output was visually inspected for T1 quality (artefacts, contrast, resolution, intensity) and to ensure adequate reconstruction. Manual edits to pial surfaces and white matter (WM) intensity were carried out where necessary by trained researchers (DC, JH).
Cortical reconstruction, parcellation and segmentation of T1 images were performed using the FreeSurfer 5.3 pipeline, available online. A full description of the FreeSurfer reconstruction process can be found by Dale et al. (1999) and . The MRI image is 3D rendered into a volume from the MRI into 256 coronal slices
(1 mm × 1 mm × 1 mm voxels) and undergoes automated transformation to the Talairach atlas (Talairach & Tournoux, 1988) . Intensity normalization is then performed (Sled, Zijdenbos, & Evans, 1998) to correct non-uniformity in the image due to radiofrequency field. The variation in WM intensity is then used to estimate the bias field across the entire volume, and the effect of bias field removed by dividing the intensity at each voxel by the estimated bias field at that location.
Following this, skull stripping (using a method combining watershed algorithms and deformable surface models) removes the non-brain tissue such as scalp, skull and neck tissue, extracting an initial brain volume . The gray/WM boundary is estimated by classifying all WM voxels in an MRI volume, and cerebral WM segmentation is performed (Fischl & Dale, 2000) , deforming this representation of the gray/white boundary outward to the pial surface (Fischl, Liu, & Dale, 2001 ). The WM volume is tiled with a triangular tessellation on each hemisphere to generate an initial surface. The surface deformation follows intensity gradients between white and gray matter, placing the gray/WM or cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Dale & Sereno, 1993; Dale et al., 1999; Fischl & Dale, 2000) . The average of the distance from the WM surface to the closest point on the pial surface and from that point back to the closest point on the WM surface gives us the thickness at each location of cortex (Fischl & Dale, 2000) . The inflation of the cortical surface is performed so that activity occurring inside sulci may be easily visualized Fischl, Sereno, Tootell, & Dale, 1999b) and each location on the cortical surface is assigned a neuroanatomical label (34 gyral based regions) based on probabilistic information estimated from a manually labeled training set, and also scan-specific measured values (Desikan et al., 2006; Fischl et al., 2004b) . Segmentation of the subcortical WM and deep gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen, ventricles) is performed (Fischl et al., 2002; .
Using the ENIGMA protocol for the analysis of mean cortical thickness and surface area data within FreeSurfer ROIs, values for surface area and thickness were extracted. Following this, outliers were identified using R. MATLAB was used to plot cortical surface segmentations directly on each participant's scan and collate snapshots of these into a webpage for visual inspection (the internal surface QC method). The ENIGMA External QC method was performed to check cortical labels and anatomical boundaries. Furthermore, images underwent a thorough visual inspection of each image slice in the coronal, sagittal, and axial planes using Freeview.
| VolBrain
The automatic segmentation tool Volbrain was used for estimation of hippocampal volume because it is the most accurate method to segment the hippocampus, according to the European Alzheimer's Disease Consortium harmonized hippocampus segmentation protocol, which compares results from software with results from expert manual tracing.
This system was used for hippocampal reconstruction as it has been
shown that other imaging segmentation software, including FreeSurfer, can overestimate subcortical structures (Manjón & Coupé, 2016) . The VolBrain pipeline is based on a library of manually labelled templates, constructed from publically available databases: 30 healthy adults, 10 patients with Alzheimer's disease, and 10 infant cases. The pipeline is a set of processing tasks that aims to improve image quality and intensity, and set images into a specific geometric space.
Automatic pre-processing of T1-weighted images using the following steps is carried out: denoising and enhancement image quality, inhomogeneity correction, MNI space registration, fine inhomogeneity correction, intensity normalisation, non-local intracranial cavity extraction (white matter, gray matter, and cerebrospinal fluid), tissue classification, non-local hemisphere segmentation (splits brain into five: right and left cerebrum/cerebellum, and brainstem), and non-local subcortical structure segmentation. A more detailed description by Manjón and Coupé (2016) is available.
| Genotyping
Genotyping was conducted on DNA samples that were extracted from whole blood or saliva. Samples were genotyped using either 
| Polygene score
We constructed the MIR137 PRS based on a set of 1991 genes affected by the up-and downregulation of MIR137 in human neural progenitor cells (Hill et al., 2014) . Of these, 1386 genes that were unambiguously mapped to autosomes were used to generate the PRS (Supplementary Table S1 ). First, the genetic coordinates (+/−20 kb) of these genes were identified (Kent et al., 2002) , SNPs. Following this, the PRS was generated for each sample using the LD clump results from the Affymetrix sample. The PRS did not significantly change based on which LD clump results were used:
when the PRS was generated using the Illumina sample LD clump values, the results were highly correlated (r = 0.9, p < 0.001). The PRS risk threshold defined here was p = 0.05. Previous studies have used multiple PRS thresholds to investigate associations, however, in prior work we have observed a threshold of p = 0.05 to be the most informative (Cosgrove et al., 2017) . Finally, each participant was given a PRS based number of risk alleles that they carried for each SNP, with alleles weighted by their effect size from the PGC2 GWAS (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014) (using the-score function in PLINK). These effects sizes were taken from a meta-analysis of the PGC2 sample minus all Irish samples to make sure that the discovery and target samples used here were independent. 
| Statistical analysis

| MIR137 PRS and total brain volume
In the full sample of patients and controls, an effect of PRS on total brain volume was observed (R 2 = 0.008, Beta = −0.09, p = 0.029, Table 2 ). After correcting for the four sets of analysis carried out however, this finding was no longer significant. As a post hoc analysis a moderation analysis was carried out using diagnosis 
| MIR137 PRS and cortical thickness and surface area
No effect of MIR137 PRS was observed on either cortical thickness or surface area (corrected for false discovery rate <0.05).
| MIR137 PRS and hippocampal volume
No effect of MIR137 PRS on hippocampal volume, estimated from segmentation results from VolBrain was observed (Table 2) .
| DISCUSSION
In this study we sought to determine the effect of a SZ-associated, empirically derived, miR-137 regulated gene score on measures of cortical thickness and area, hippocampal volume, and total brain volume. Given the previous reported associations between MIR137 PRS and cognitive performance, most notably with lower scores on neuropsychological measures of memory function, we hypothesized that a higher PRS would be associated with a decreased cortical thickness and surface area, decreased hippocampal volume, and lower total brain volume. No significant association between either cortical thickness or surface area or hippocampal measures and MIR137 PRS were observed. While association between PRS and total brain volume was nominally significant, when medication (CPZE) was included as an additional covariate in the analysis, this nominally significant association between increasing MIR137 PRS and decreasing brain volume was no longer significant.
To the best of our knowledge, no study has examined the effect of a MIR137 PRS score on cortical thickness, shape, or volume. Previous imaging studies have investigated the effect of the SZ-associated MIR137 SNP rs1625579 on brain structure, activation, and connectivity and have provided mixed results: this might partly be expected based on the study samples (inclusion of healthy participants only, compared to those looking at patient populations), as well as different regions of interest studied, and the different fMRI tasks used, if any. The first study to investigate the effects of rs1625579 on brain structure by Lett et al. (2013) showed significantly increased ventricle volume in both SZ patients (n = 92) and controls (n = 121) homozygous for the risk (TT) allele, processed using tools from the FMRIB Software Library (FIRST). In addition, decreased hippocampal volume was observed, but only in patients homozygous for the risk (TT) allele (Lett et al., 2013) . Two subsequent structural neuroimaging studies however did not replicate these findings. Cousijn et al. (2014) analyzed a large sample of healthy participants (n = 1300), also using FIRST. No effects of rs1625579 genotype on total brain, grey matter, white matter, or hippocampal volumes were observed. Rose et al. (2014) also looked at the effect of the same MIR137 rs1625579 risk variant in a voxel-based morphometry study (using SPM) of grey and white matter volume in patients with SZ (n = 163) and healthy participants (n = 150) and did not observe any significant effects. Similarly, no significant association between genotype and volume of any subcortical regions analyzed (using FIRST) was identified in this study, including the hippocampus. The results of the present study are comparable to the results of the larger two of the three studies in terms of the lack of effect of rs1625579 on hippocampal volume. Furthermore, in one of these larger studies, an association between the rs1625579 risk allele and increased ventricle size was reported (Lett et al., 2013) . As ventricle size and total brain volume are inversely correlated (Horga et al., 2011) , this increased ventricular volume association may be comparable to the link between decreased total brain volume and PRS in the present study. A final structural MRI study reported by Patel et al. (2015) examined the effect of rs1625579 genotype on subcortical and callosal volumes and reported evidence of an association between the risk (G) allele and decreased corpus callosum volume in SZ patients only (n = 362) compared to controls (n = 490). We did not examine this measure in our sample, although potentially a decrease in corpus callosum volume may contribute to the decrease in overall brain volume reported here.
In this study, we selected only one threshold of polygene score for investigation to limit the multiple testing burden, but is possible that different score thresholds would yield different results. This was not the case in our previous analyses of the cognitive effects of the MIR137 PRS however, where similar effects were observed across three thresholds analyzed (p = 10
, p = 0.05, p = 0.5), but most strongly at the p = 0.05 threshold (Cosgrove et al., 2017) , which was the threshold used in this study.
An endophenotypic approach was employed here, that is, characterising the effects of SZ-associated variants on cortical metrices rather than disease or clinical symptoms (Gottesman & Gould, 2003) . The selection of a robust sMRI phenotype to investigate genetic effects is one of the strengths of this study. Total cortical surface area and average cortical thickness are both highly heritable (Panizzon et al., 2009) , as is total brain volume (Hulshoff et al., 2002) .
As surface area and thickness are genetically uncorrelated metrics, these were both investigated (Tandon et al., 2016; Winkler et al., 2010) . It has been suggested that cortical thickness is of greater aetiological interest than volume or surface area measures due to the proposed neurodevelopmental mechanisms thought to contribute to SZ and cognitive deficits (Geisler et al., 2015) , although no association was observed here between either measure and the MIR137 PRS. In a meta-analysis comparing cognitive and brain imaging phenotypes, results suggested that SZ variants have greater penetrance on measures of brain structure than other phenotypic measures, such as cognitive performance (Rose & Donohoe, 2013) .
The lack of effect of the MIR137 PRS on any specific cortical region or on the hippocampus and the small effect observed for total brain volume (although not significant after either multiple testing correction, or correction for medication effects) may imply a subtle effect of MIR137 and its interacting network on more widespread neurological structure, as opposed to being specific to memoryrelated components. A role of MIR137 in influencing brain microstructure has previously been established: it has an important role in regulation of target genes linked with neural stem cell proliferation and differentiation during neural development (Mahmoudi & Cairns, 2017) . Its role beyond this in terms of how these molecular and cellular effects of MIR137 itself and the whole MIR137 network impact brain macrostructure is yet to be defined;
however, multiple studies provide evidence that MIR137 may exert some effect through influence of rs1625579 risk (T) genotype on functional connectivity and neural activation Mothersill et al., 2013; Van Erp et al., 2014; Whalley et al., 2012) .
Due to the extensive regulation of other genes by miRNAs, the dysregulation of even one of these may confer a large polygenic effect. In addition to this, there is evidence that MIR137 also regulates other genes that harbour SZ-associated variants such as ZNF804A, TCF4, CACNA1C, CSMD1, C10orf26 (Guan et al., 2014; Kim et al., 2012; Kwon, Wang, & Tsai, 2013; Wright et al., 2013) .
These convergent pathways linked by MIR137 may contribute to SZ:
previous pathway analysis of miR-137 targets implicated several aspects of nervous system function and development associated with SZ, such as ephrin receptor signalling, axonal guidance signalling, and long term potentiation (Wright et al., 2013) .
In this study, our sample is comparable, in terms of sample size, with the other studies discussed that investigated the effects of rs1625579 on cortical structures and total brain or hippocampal volumes. Other studies reporting on effects of polygene scores on brain measures include a range of sample sizes. Neilson et al. (2016) reported an association between a SZ polygenic risk score on cortical thinning in patients based on a small sample of 46 patients and 33
controls. Studies such as this with smaller sample sizes report positive associations, however, the replicability of some findings in these smaller study sizes have been questioned (Button et al., 2013) . Van Der Auwera et al. (2015) observed no effect of a SZ PRS on various structural measures in a large sample of 1,470 healthy participants.
Further studies are required to determine if the MIR137 PRS effects on cortical and hippocampal measures reported here are truly nonsignificant or whether the uncorrected total brain volume finding may have underestimated an actual effect.
One limitation of this study is that most of our sample was made up of healthy participants. If a potential diagnosis-specific effect was to be identified, a larger patient group would likely be required. As this is the first study to characterise the effect of polygene score on brain structure measures, replication in a different sample is required to further support these findings, preferably in a larger patient population in order to determine whether or not there are specific disease related consequences of carrying a higher burden of SZ-risk variants in this MIR137 pathway. In addition, a potential limitation in all imaging studies is that different types of software are used to reconstruct T1
images that can estimate brain volumes differently based on the algorithms used, as well as different QC methodologies. No MDS components were included in the PRS analyses here as the Irish GWAS sample used in the study indicated that the sample was homogeneous.
However, it may still be possible that some population stratification effects were present in this sample.
In conclusion, we have not shown evidence of any association between MIR137 PRS and specific cortical correlates of memory. An association between increasing PRS and decreasing total brain volume, 
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